Introduction
The service life of blast furnace (BF) is largely determined by the erosion of carbon brick, 1, 2) the erosion is inevitable due to the direct contact between carbon-undersaturated molten pig iron and carbon brick. 3, 4) The erosion rate is affected by temperature, element content, the flow of molten pig iron et al., 5) to reduce the erosion rate of carbon brick has become the primary target to prolong the service life of BF.
Sulfur is a harmful element in molten pig iron. 6) It is not economical to conduct a deep desulphurization in BF although the desulphurization (working) conditions of BF becomes better. [7] [8] [9] With the development of desulphurization in pretreatment of molten pig iron, sulfur in molten pig iron can be removed to less than 0.01% in a short time due to good thermodynamic and kinetic conditions for desulphurization. It has become a trend of most BFs to rely on external desulphurization to reduce cost. [10] [11] [12] [13] [14] Therefore, sulfur content in molten pig iron is gradually improved, and the erosion rate of carbon brick in hearth is affected by this change. On the other hand, raw materials containing titania charged in BF is an effective measure to protect the hearth at the end of the service. [15] [16] [17] [18] The titania in iron ore is reduced to form titanium and the titanium is dissolved into molten
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pig iron. The titanium content increases in molten pig iron, and at this moment, the surface of carbon brick will be faced with the molten pig iron with high sulfur content and high titanium content in hearth. 19, 20) In spite of some investigations on molten pig iron containing sulfur or molten pig iron containing titanium, less effort has been paid to effects of sulfur and titanium interaction in molten pig iron on erosion of carbon brick. Moreover, the quantitative relationship between the erosion rate and element content has not been known, the mechanism of sulfur and titanium interaction has not been clarified.
The experiments were carried out to investigate effects of sulfur and titanium interaction in molten pig iron on erosion of carbon brick in this paper, the quantitative relationship between the erosion rate and sulfur and titanium interaction was regressed by origin. A discussion was done to explain the mechanism of sulfur and titanium interaction in molten pig iron.
Experimental

Samples Preparation
A mixture of reduced iron powder and other powders were used to melt into molten pig iron. The mass of required powders was precisely weighed by a balance according to the mass percentage of each element as presented in Table  1 . The experimental ambient temperature was set to 1 773 K which was close to the actual temperature of BF hearth.
The saturated carbon content in molten pig iron was about 5.0% according to the calculation, so carbon content in molten pig iron was undersaturated under the conditions of the experimental temperature and the composition of molten pig iron. The powders which were mixed uniformity were packed into an alumina crucible. The carbon brick lined on the hearth in a large commercial BF was selected as experimental sample, it was cut into cylindrical specimens to carry out experiments. The main chemical composition of the carbon brick was analyzed to be C (82.30%), SiO 2 (8.75%) and Al 2 O 3 (2.10%).
Experimental Procedure
The rotating cylinder method was employed to simulate the erosion of carbon brick in hearth. The cylindrical specimen was immersed in molten pig iron as presented in Fig.  1 , when the high temperature tube furnace reached the desired temperature. The motor which was connected with the cylindrical specimen drove the cylindrical specimen so as to carry out experiments and persistent for 60 minutes. After the rotation, the cylindrical specimen was quenched quickly and moulded in epoxy for SEM (Scanning Electron Microscope) and EDS (Energy Dispersive Spectrometer), the diameter of the cylindrical specimen was measured to calculate the erosion rate of carbon brick.
Experimental Results
The diameter of carbon brick before and after the experiment was measured. The zone of carbon brick which was immersed in molten pig iron was selected to measure the diameter. The circumferential erosion uniform region of carbon brick was measured to avoid the error caused by convex and concave. The measurement at the part was carried out three times by using a vernier caliper at every 5 mm from the bottom of carbon brick, the average value of the three measurements was taken as the diameter after the experiment.
Erosion Morphology
The photographs of carbon bricks after the experiment are presented in Figs. 2 and 3 . At the erosion zone, a decrease of diameter was observed. Meanwhile, the degree of erosion was related with the element content. The erosion of carbon brick was enhanced when sulfur content increased separately in molten pig iron, and the erosion was delayed when titanium content increased separately in molten pig iron.
Erosion Rate of Carbon Brick
The erosion rate of carbon brick was defined as: 21) where v is the erosion rate of carbon brick, g·h − 1 ·cm − 2 ; l is the immersion depth of carbon brick into the molten pig iron, cm; d 0 is the diameter of carbon brick before the experiment, cm; d f is the diameter of carbon brick after the experiment, cm; ρ is the density of carbon brick, g·cm − 3 ; w C is the carbon content of the carbon brick, 82.3%; t is reaction time, h; s is reaction area, cm 2 , the change of the reaction area with the passage of time can be ignored due to the relatively small change in the diameter compared to the initial diameter.
The erosion rate of carbon brick is shown in Table 2 .
Discussion
Sulfur and Titanium Interaction
Effects of sulfur and titanium interaction on the erosion rate are presented in Fig. 4 . The situation that sulfur content is 0.08% without titanium in molten pig iron which shows the highest erosion rate is displayed at the top, and the case that molten pig iron without sulfur which shows the lowest erosion rate is displayed at the bottom. The middle part of Fig. 4 shows sulfur and titanium interaction.
The relationship between sulfur content and the erosion rate at [Ti] = 0.10% which is marked with a red line in Fig.  4 is presented in Fig. 5 , it is concluded from Fig. 5 , the ero-sion rate of carbon brick was enhanced when sulfur content increased separately in molten pig iron. The erosion rate increased slowly when sulfur content was less than 0.04%, however, the erosion rate increased rapidly when sulfur content was more than 0.04%, because the slope of the straight line became larger. Therefore, it is suggested that the sulfur content of molten pig iron should be controlled less than 0.04% in actual production.
On the other hand, as presented in Fig. 4 , when sulfur content in molten pig iron remained stable, the erosion rate decreased with the increase of titanium content, but there was a difference in the degree of decline. The erosion rate was relatively high when titanium content was 0.05%. The erosion rate was still 0.068 g·h − 1 ·cm − 2 at most although sulfur content in molten pig iron was 0.02%. It was no obvious protective effect on carbon brick when titanium content was low. A decrease of erosion rate was observed when titanium content remained 0.10%, but the effect was significant for low sulfur content in molten pig iron (less than 0.04%), not obvious for high sulfur content in molten pig iron (more than 0.06%). Thus, it is suggested that titanium content in molten pig iron should be controlled more than 0.10% in the protection process of hearth. The sharp decline of erosion rate was observed even for high sulfur content in molten pig iron (more than 0.06%) when titanium content rose up to 0.10%. The erosion rate at 0.08% of sulfur content and 0.15% of titanium content was lower than that at 0.06% of sulfur content and 0.10% of titanium content, which indicated that the high titanium content could effectively compensate for the effect of high sulfur content in molten pig iron on the erosion. The quantitative relationship between the erosion rate and sulfur and titanium interaction at 1 773 K was obtained based on regression analysis of all experimental data by origin: Equation (2) expresses the erosion rate would change with sulfur and titanium interaction in molten pig iron. The erosion rate would increase 0.007 g·h − 1 ·cm − 2 when sulfur content increased by 0.01%, and the erosion rate would decrease 0.004525 g·h − 1 ·cm − 2 when titanium content increased by 0.01%. In other words, when sulfur content increased by 0.01%, the titanium content needed to be increased by 0.015% to compensate for the effect of sulfur content on the erosion of carbon brick.
The Erosion Process of Carbon Brick
The penetration and dissolution of molten pig iron are considered as the main reasons for the erosion of carbon brick. The micro morphology of carbon brick under different sulfur content is shown in Fig. 6 . As you can see from the figure, the reaction interface was smooth when sulfur content was low, the attachment of iron bead to the reaction interface appeared with the increase of sulfur content. The penetration and dissolution were conducted alternately in the erosion, when the penetration was faster, the iron and carbon particles had not been dissolved into molten pig iron yet, then appeared at the interface. Therefore, the penetration rate increased because the fluidity of molten pig iron was improved at higher sulfur content in molten pig iron.
The erosion process of carbon brick can be inferred from Fig. 7 after the erosion. The erosion of carbon brick would take place when the iron-carbon interface was produced by the contact of molten pig iron and carbon brick as shown in Fig. 7(a) . Then, the penetration of molten pig iron would occur through the micropore of carbon brick and the main route of the penetration was formed due to the high temperature and the low viscosity of molten pig iron ( Fig. 7(b) ). Molten pig iron in the main channel would continue to penetrate into the surrounding pores along the inner carbon brick, and the dendrimer permeation was found. The dissolution of carbon brick would occur at the interface because the carbon was surrounded by the molten pig iron which is undersaturated ( Fig. 7(c) ). The new iron-carbon interface would be re exposed in molten pig iron after a layer of carbon brick was dissolved off. The erosion process of carbon brick can be presumed as follows: (1) The penetration of molten pig iron will occur through the micropore of carbon brick; (2) The dissolution of carbon brick will occur because the carbon content of molten pig iron is undersaturated; (3) The penetration and dissolution will be conducted alternately; (4) The iron-carbon interface will move into the inner part of carbon brick, so that the erosion is irreversible. 
The Mechanism of Sulfur and Titanium Interaction
On one hand, sulfur and titanium interaction may affect the erosion rate from the point of thermodynamics. On the other hand, the iron-carbon interface will be updated continually in the erosion process of carbon brick. The good wettability between molten pig iron and carbon will result in the quickly contact with the new interface and carbon will continue to react with molten pig iron so as to increase the erosion rate. On the contrary, the bad wettability will extend the contact time of molten pig iron at the new interface, which will make the reduction of the erosion rate. Therefore, sulfur and titanium interaction could be related with the wettability of the iron-carbon interface.
Thermodynamic Analysis
The total dissolution reaction of carbon brick can be expressed as: 22) where T is the temperature, K; e C j is the interaction coefficient of j element to carbon, e C C e C S e C Ti are 0.14, 0.016, − 0.041, respectively, at 1 873 K according to reference. 22) The interaction coefficients at different temperatures can be calculated: where e T is the interaction coefficient at temperature T. The mass of carbon dissolution is related to element content and interaction coefficient. The difference between e C S and e C Ti shows different effects of sulfur and titanium on dissolution. Relationship between apparent equilibrium carbon content in molten pig iron and sulfur content or titanium content are calculated by the above equations in Fig.  8 , When the sulfur content increased, apparent equilibrium carbon content slightly decreased. On the contrary, when the titanium content increased, apparent equilibrium carbon content slightly increased. However, the magnitude of the increment looked very small. The actual observed phenomena were reversed and these were quite different from thermodynamic calculation. As a result, these phenomena could not be explained by using thermodynamics. Therefore, we tried to discuss the mechanism of erosion by focusing on the change of physical properties such as surface tension and viscosity.
Surface Tension
The surface tension of molten melt refers to the tension between any two adjacent parts of the liquid surface perpendicular to the boundary of their unit length. 24) The composition and temperature of molten melt are two important factors affecting the surface tension.
About the surface tension of molten pig iron, the degree of difference between the element and the iron atom in molten pig iron determines the extent of its influence on the surface tension of molten pig iron. If the properties of the element in molten pig iron are similar to iron atom, the interaction force between element atom and iron atom is similar to that between iron atoms, and this element has little influence on the surface tension of molten pig iron. 25) On the contrary, the element has great influence on the surface tension of molten pig iron. The influence of metal elements on the surface tension of molten pig iron is small, but nonmetallic elements have a great influence on the surface tension of molten pig iron.
Effects of sulfur and titanium on the surface tension of molten pig iron with element content are presented in Fig.  9 . It can be concluded from the figure that titanium is a metal element which had little influence on the surface tension of molten pig iron, the surface tension of molten pig iron increased slightly with the increase of titanium content. However, sulfur is a strong surface active element which had a great influence on the surface tension of molten pig iron, the surface tension of molten pig iron dropped sharply with the increase of sulfur content in molten pig iron. The large difference between the influences of two elements on the surface tension of molten pig iron may be a reason for the interaction.
Surface tension of molten pig iron affects the reaction through wetting angle. The wetting angle reflects the wettability between molten pig iron and carbon brick, the smaller wetting angle reflects the better wettability. The wetting angle is related with the interfacial tension between the gas and carbon brick, the interfacial tension between molten pig iron and carbon brick and the surface tension of molten pig iron. Yang's equation is employed to describe the relationship among the three forces: 26 where θ is the wetting angle, °; γ sg , γ sl , γ are the interfacial tension between the gas and carbon brick, the interfacial tension between molten pig iron and carbon brick and the surface tension of molten pig iron, respectively, (N·m − 1 ). As shown in Eq. (10), γ cosθ will be a fixed value when other factors don't change, so the wetting angle will decrease with the decrease of surface tension. Thus, for molten pig iron containing titanium, the increase of sulfur led to the rapid decrease of the surface tension so as to decrease the wetting angle. The better wettability between molten pig iron and carbon will result in the quickly contact with the new interface. And carbon will continue to dissolve into molten pig iron so that the erosion rate will increase. Furthermore, the erosion rate was enhanced owing to the decrease of viscosity of molten pig iron by the addition of sulfur. 
Viscosity
The viscosity of molten pig iron has been thought to be one of the important factors for hearth erosion. Viscosities of molten pig iron were precisely measured by the oscillating crucible method in Fig. 10 , the effect of sulfur and titanium on the viscosity of molten pig iron was opposite. The viscosity of molten pig iron itself was relatively small, but the proportion of viscosity change from [Ti] = 0.05% to [Ti] = 0.20% at 1 723 K was 3.82% as a result of calculation. That was not so small. The viscosity of molten pig iron increased with the addition of titanium based on the mechanism that the radius of the titanium atom was larger than the iron, and the free moving space of the iron atom was reduced. However, the viscosity of molten pig iron decreased with the increase of sulfur content. The relationship between the viscosity and the surface tension of molten pig iron: 27) where γ is the surface tension of molten pig iron, N·m − 1 ; η is the viscosity of molten pig iron, mPa·s; k is the Boltzmann constant; T is the temperature, K; m is the mass of the atom. Thus, the viscosity and the surface tension of molten pig iron change in the same direction. Moreover, the low viscosity of molten pig iron containing sulfur promoted the mass transfer of carbon in molten pig iron, and the high viscosity of molten pig iron containing titanium restrained the mass transfer of carbon in molten pig iron which would be another factor resulting in different erosion of carbon brick.
Kinetic Analysis
From the viewpoint of kinetics, the dissolution rate of carbon brick can be expressed as Eq. (12) when the dissolution is controlled by the carbon diffusion in molten pig iron: 28) where n D is the dissolution rate, mol·m − 2 ·s − 1 ; k D is the mass transfer coefficient of carbon in molten pig iron, m·s − 1 ;
Therefore, the dissolution rate will increase with the increase of mass transfer coefficient of carbon. The mass transfer coefficient of carbon is a function of several parameters k D = f (μ, D, U, d ), and different quasi numbers are employed to describe the relationship: 3 The mass transfer coefficient of carbon can be expressed from the above equations: where μ is the kinematic viscosity of molten pig iron, m 2 ·s − 1 ; η is the dynamic viscosity of molten pig iron, mPa·s; D is the diffusion coefficient, m 2 ·s − 1 ; U is the circumferential velocity of the cylinder, m·s − 1 ; d is the diameter of carbon brick, m; According to Eq. (18), mass transfer coefficient is proportional to − 2.68th power of viscosity. Assuming the difference of erosion rate by changing sulfur or titanium content is attributed to the difference of mass transfer coefficient, it is considered that the difference of erosion rate is also attributed to the difference of viscosity. Presuming the value of viscosity by extrapolation of curves in Fig. 10 , the ratio of mass transfer coefficient by changing sulfur content could be expressed as the following equation: The result of the ratio of mass transfer coefficient will be compared with the ratio of erosion rate. The mass transfer coefficient of liquid metal with [S] = 0.08% was calculated 1.07 times as much as that with [S] = 0.02% at 1 723 K. The change of viscosity will cause the increase of mass transfer coefficient so that the erosion rate will increase. Meanwhile, the wetting angle between molten pig iron and carbon brick will decrease with the increase of sulfur content due to the effect of surface tension, the contact time of molten pig iron and new carbon brick will be shortened. The new ironcarbon interface will quickly be wetted by molten pig iron containing high sulfur content after a layer of carbon brick is dissolved. The continuous interfacial reaction will increase the erosion rate of carbon brick.
Therefore, the different influence of sulfur and titanium on the surface tension and viscosity of molten pig iron is the essential cause of the interaction. 
Conclusions
Effects of sulfur and titanium interaction in molten pig iron on erosion of carbon brick were investigated, the quantitative relationship between the erosion rate and sulfur and titanium interaction was obtained based on experimental data, the mechanism of sulfur and titanium interaction was analyzed. The following conclusions are obtained:
(1) The erosion of carbon brick was enhanced when the sulfur content increased separately in molten pig iron, however, this effect could be made up by the addition of titanium in molten pig iron.
(2) It is suggested that sulfur content in molten pig iron should be controlled less than 0.04% and titanium content in molten pig iron should be controlled more than 0.10% in actual production, when the BF at the end of the service.
(3) The quantitative relationship between the erosion rate and sulfur and titanium interaction at 1 773 K was obtained based on experimental data, when sulfur content increased by 0.01%, the increment of titanium content by 0.015% would be needed to compensate for the effect of sulfur content on the erosion.
(4) The erosion process of carbon brick was presumed, the iron-carbon interface is the key reason for the erosion. The different influence of sulfur and titanium on the surface tension and viscosity of molten pig iron is the essential cause of the interaction.
